The inactivation of Campylobacter jejuni and Salmonella enterica, compared with Escherichia coli, was determined in 100 l chambers of seawater and river water located at an outdoor site. The chambers (paired with dark controls) were seeded with waste stabilization pond effluent and laboratory-cultured pathogens, and exposed to sunlight in summer and winter experiments. All sunlight inactivation (k S ) rates, as a function of cumulative global solar radiation (insolation), were far higher than the corresponding dark (k D ) rates, with a ranking (and average k S rates for seawater and river water, respectively) of: C. jejuni (3.23; 2.34) . S. enterica (0.51; 0.37) . E. coli (0.34; 0.26). All the T 90 (time to 90% inactivation) values were higher in winter than in summer, but there was far greater similarity between the summer and winter S 90 (insolation needed for 90% inactivation) values. The rapid inactivation of C. jejuni was attributed to a high susceptibility to photooxidative damage. The results suggest that, in sunlight-exposed waters, E. coli will be a more conservative indicator for C. jejuni than for S. enterica, and C. jejuni transmission as a pathogenic agent is less likely than for S. enterica.
INTRODUCTION
In shallow fresh and saline surface waters, the principal factor affecting the survival of enteric bacteria is the level of exposure to sunlight, although there is a contribution from factors such as starvation, grazing by heterotrophic nanoflagellates, temperature and salinity. Reviews of the effects of these factors include those of Harm (1980) , Gameson & Gould (1985) , Jagger (1985) , Rozen & Belkin (2001) , and
Sinton (2005).
Most of the studies reviewed above involved enteric indicators. They suggest that, where the source is untreated sewage, fecal coliforms (including E. coli) are inactivated in sunlight more rapidly than enterococci, although this difference is less marked in fresh waters (Fujioka et al. 1981; Gameson 1986; Davies-Colley et al. 1994; Sinton et al. 1994 Sinton et al. , 1999 Sinton et al. , 2002 . The opposite occurs when they are from a waste stabilization pond (WSP), because enterococci suffer irreparable sunlight damage in ponds, whereas fecal coliforms are rendered more sunlight resistant (Sinton et al. 2002) .
There is comparatively little information available on sunlight inactivation of bacterial pathogens, such as Salmonella spp., and Campylobacter spp. Three field studies have demonstrated lower inactivation of Salmonella spp.
compared with E. coli in surface waters (Rhodes & Kator 1988; Borrego et al. 1990; Mezrioui et al. 1995) , although they did not include measurement of sunlight. Pommepuy et al. (1992) and Johnson et al. (1997) Similarly, the effects of natural sunlight on Campylobacter spp. do not appear to have been quantified. In laboratory-based Petri dish microcosms, C. jejuni has been shown to be highly susceptible to UV-C (Butler et al. 1987) and UV-B (Obiri-Danso et al. 2001) radiation. Indirect evidence of sunlight effects was also presented by ObiriDanso et al. (1999) , who showed that Campylobacter was present in saline waters in the morning (presumably as a result of overnight entry) but absent in the afternoon after half a day of sunlight exposure. In a review of several estuarine studies, Jones (2001) also noted that both seasonal distribution and diurnal variation in C. jejuni counts showed significant correlations with patterns of sunlight exposure.
In this paper, we present the results of a two-year field study, designed to determine inactivation rates of C. jejuni and S. enterica in relation to sunlight "dose" (insolation), in seawater and river water, compared with E. coli. The pathogens were selected for study because both are important causes of gastroenteritis in New Zealand, with reported incidences being around 400 and 40 per 100,000 for C. jejuni and S. enterica, respectively (Anon 2003).
Although contaminated food is probably an important transmission route, both pathogens have been detected in natural waters in New Zealand (McBride et al. 2002; Eyles et al. 2003) , and water transmission is a suspected contributor to disease incidence (Stehr-Green et al. 1991; Simmons & Smith 1997) .
A common feature of many survival studies is that they have involved inoculation of microcosms with pure cultures, in the absence of the fecal material in which they would normally enter natural waters. Accordingly, our study involved the use of WSP effluent seeded with C.
jejuni and/or S. enterica prior to injection into large 
METHODS

Field work
The experiments were conducted at an outdoor research site at Lincoln, (latitude 438S), near Christchurch, New Zealand. Seven experiments (Table 1) were conducted over two years. A modification of the approach described in Sinton et al. (1994 Sinton et al. ( , 1999 Sinton et al. ( , 2002 ) was used. The water was held in circular, plastic, open-topped, 120 l chambers, lined with foil on the outside, and filled to a depth of 390 mm (100 l per chamber). Except for experiment 5 (Table 1) , each sunlightexposed chamber was paired with a dark control. Each chamber contained two small bilge pumps, one continually stirring the water, and the other fitted with a plastic hose, and operated only for sample collection.
To regulate temperature, the chambers were placed in a 400 l water jacket, which was continually stirred with a bilge pump and cooled with ice to maintain a chamber water temperature of 148C. This temperature was selected because it is the mean annual temperature of both the fresh water and seawater collection sites -respectively, the LII River (a spring-fed stream with a mean flow of 0.9 m 3 sec 21 ) and the Lyttelton Harbour shoreline. This approach also removed temperature as an experimental variable.
For each experiment, 95 l of water was pumped into each chamber and, on the hour after the water surface was first exposed to direct sunlight, 5 l of WSP effluent (from the Christchurch sewage treatment plant) was added to give a 5% mixture. The effluent was first seeded with a laboratorycultured mixture of six C. jejuni or six S. enterica strains (see below). The chamber contents were stirred for 3 min and the first sample was collected. For the C. jejuni analyses, subsequent samples were collected every 15 or 30 min for 3 h (in the summer and winter experiments, respectively), and on the hour for 8 h for E. coli and S. enterica. Samples were held in the dark at 6 -88C, and were transferred to the laboratory within 30 min.
Global (i.e. diffuse plus direct) solar radiation (GSR)
was measured on site with a LI-COR LI-200SA pyranometer connected to a LI-COR LI-1000 datalogger.
Chamber water temperatures were monitored with a digital thermometer. Dissolved oxygen levels were monitored with a TPS dissolved oxygen meter fitted with a YSI 5739 probe.
Preparation of pathogen seeds
E. coli was present in the WSP effluent in sufficiently high counts for the experiments (a median of 2.6 £ 10 4 CFU 100 ml 21 ), but C. jejuni and S. enterica counts (a median of ,4 100 ml 21 for each species) were too low for defining survival curves. Accordingly, the effluent was seeded with a laboratory-cultured mixture of either C. jejuni or S. enterica. Each isolate was sub-cultured only four times prior to use.
The six C. jejuni strains were cultured separately in Preston's broth (ISO 1995) to a mid log phase, and mixed to provide equal counts of each strain. Then, 1 ml of the appropriate dilution of the mixture was added to the 5 l of WSP effluent seed to give an initial count in the chamber water of between 10 5 and 10 6 CFU 100 ml 21 . The procedure for the six S. enterica strains was similar, except that the culture medium was selenite cysteine broth (Merck), and the target concentration in the chamber was between 10 6 and 10 7 CFU 100 ml 21 . Enumeration of C. jejuni was by multiple tube dilution in Preston's broth (ISO 1995), using a 5 £ 5 tube dilution series (10 ml to 0.001 ml volumes). The 10 ml samples were first processed by membrane filtration (Millipore HA, The dark control results from experiments 1 and 2 were used to adjust the sunlight inactivation data in experiment 5.
Laboratory assays
0.45 mm pore size). The membranes were added to the tubes and stirred vigorously. Incubation was at 428C for 48 h.
Confirmation (all tubes were tested) was by streaking on Exeter agar (Oxoid) and incubation for a further 48 h at 428C. Plates exhibiting characteristic, pinkish, convex, round, slightly mucoid colonies, were counted as positive for C. jejuni.
In preliminary experiments, enumeration of S. enterica by multiple tube dilution in selenite cysteine broth (Merck)
was repeatedly found to produce counts that were too variable to reliably establish survival curves. Accordingly, the membrane filtration procedure for fecal coliforms was 
Calculation of inactivation parameters
The approach described in Sinton et al. (1994) was adopted.
Inactivation rates in the dark chambers were determined by fitting a linear regression line to the (log e -transformed) counts to derive a dark inactivation rate coefficient (k D ), in log e units h 21 . In chambers exposed to sunlight, the percentage survival ( p) at exposure time t was defined as
where N is the CFU count, and N o is the initial count. Each p value was corrected for dark inactivation as described in Sinton et al. (1999) . Because the summer and winter experimental temperatures were the same, the summer dark control chamber results were also used to correct the winter C. jejuni experiments (experiment 5, Table 1 ). Where the survival curves displayed a recognizable "shoulder" (Harm 1980) , this was quantified using a dimensionless parameter, n S , and the sunlight inactivation coefficient (k S ) was derived from the slope of the log-linear section of the inactivation curve (i.e. omitting the shoulder points), plotted against insolation, as described in Sinton et al. (1994) .
The S 90 and T 90 values (respectively, the insolation and time taken to achieve a 90% reduction in CFUs) were also 
RESULTS AND DISCUSSION
Dark inactivation
The median initial E. coli counts in both the dark and sunlight-exposed chambers were around 1.3 £ 10 3 CFU 100 ml 21 . The equivalent initial counts for the seeded C. jejuni and S. enterica were 1.1 £ 10 5 and 3.0 £ 10 6 CFU 100 ml 21 , respectively. Inactivation rates for all three bacteria were markedly slower in the dark than in the sunlight-exposed chambers (Table 2 ). Dark inactivation of the pathogens was faster than for E. coli in both seawater and river water, but no other consistent dark inactivation patterns emerged. This probably reflects the difficulty in quantifying slow dark inactivation rates over short periods (8 h, in these experiments).
Inactivation of enteric microbes in dark, natural water microcosms has been largely attributed to the predatory, lytic, and grazing effects of the microbiota in natural waters (Toze 2004; Sinton 2005) . In our study, these effects were possibly increased by the presence of residual effluent microbiota. These effects are likely to increase at both higher oxygen levels (Toze 2004) , and at higher temperatures, possibly in combination with increased bacterial metabolism in low nutrient environments (Gameson & Gould 1985) . However, in our study, temperature was stabilised at 148C, and dissolved oxygen levels remained at 8 -9 ppm throughout the experiments, which largely eliminated these factors as experimental variables.
Sunlight inactivation
A comparison of the T 90 values in Table 2 shows that all the inactivation rates in sunlight were far higher than in the dark, and the survival curves in Figure 1 show that inactivation was directly related to the amount of insolation 
kS -Sunlight inactivation coefficient.
p Mean of two experiments. T90 -Time taken to achieve a 90% reduction in CFUs.
† No shoulder.
S 90 -Insolation needed to achieve a 90% reduction in CFUs. received (i.e. sunlight "dose"). Although there was no difference between the E. coli and S. enterica sunlight inactivation (k S ) rates in the winter river water chamber, the overall k S ranking, and average (mean of summer and winter) k S rates for seawater and river water, respectively, were: C. jejuni (3.23; 2.34) . S. enterica (0.51; 0.37) . E. coli (0.34; 0.26). S. enterica was inactivated up to 1.6 times faster than E. coli; C. jejuni was inactivated up to 16 times faster.
Because of low counts of WSP effluent pathogens, the experiments involved comparisons of laboratory-cultured S. enterica and C. jejuni with E. coli assayed directly from the effluent. The potential loss of resistance to environmental stresses by laboratory strains as a result of repeated subculturing has been discussed by Fux et al. (2005) , and the two pathogens may thus have been inactivated faster than those occurring naturally in effluent. To lessen this effect, isolates from natural waters were used, and sub-culturing was minimised prior to mixing with the effluent.
The shape of survival curves will also be influenced by the culture and enumeration methods. For example, counts of sunlight damaged cells may increase if resuscitation steps, anaerobic incubation, or oxygen scavengers are used (Khaengraeng & Reed 2005) , which may result in some flattening of sunlight inactivation curves.
As recorded in Sinton et al. (1994 Sinton et al. ( , 1999 Sinton et al. ( , 2002 Differences in clarities of the seawater/WSP effluent mixtures between different days, together with differences in the length of previous exposure to sunlight of the WSP effluent E. coli population, may also explain the differences between the E. coli curves in Figure 1 (b) and (d) . However, the equivalent curves for river water were very similar.
The survival curves for all three bacteria exhibited a "shoulder" (n S ; Table 2 ), representing the number of "targets" needing to be hit before a CFU is inactivated (Harm 1980) . However, n S values should be treated with caution, because they are the most variable of the parameters. Shoulder size selection is partially subjective and, in the calculation method given in Sinton et al. (1994) , n S is highly dependent on the slope of the subsequent loglinear inactivation phase. Thus, a steep inactivation phase explains the large n S value in the C. jejuni in the winter river water, which in fact represents only 1 h of winter morning sunlight (1 MJ m 22 insolation).
The slightly faster S. enterica inactivation (k S ) rates compared with E. coli (ranging from unity in the river water in winter to around 1.5 times faster in the other chambers) is in agreement with the findings of Davies & Evison (1991) and Chandran and Hatha (2005) . As noted above, sunlight exposure in a WSP renders surviving E. coli considerably more sunlight resistant than E. coli from sewage, probably as a result of photorepair mechanisms (Sinton et al. 2002) . This implies that the S. enterica strains used here were probably also more sunlight resistant than sewage E. coli. Thus, the comparative inactivation ranking of naturally-occurring S. enterica and E. coli in WSP effluent may depend on whether S. enterica also develops sunlight resistance through photorepair. Rhodes & Kator (1988) interpreted evidence of S. enterica recovery in estuarine waters as indicating repair of sub-lethal damage, which in turn suggests photorepair of photobiological (DNA) damage. However, although the species possesses the necessary enzyme (photolyase), laboratory studies have so far failed to demonstrate a photorepair mechanism (Lindenhauer & Darby 1994; Baron 1997) . This topic warrants further investigation.
The rapid inactivation of C. jejuni in the sunlightexposed fresh and saline waters was the most marked finding in our study. Inactivation was so rapid that it seems reasonable to assume that, as for enterococci (Sinton et al. 2002) , sunlight exposure in a WSP will damage C. jejuni, and increase post-discharge inactivation in natural waters.
This assumption is supported by C. jejuni reductions recorded in the Christchurch sewage treatment plantcounts of around 10 4 100 ml 21 in the effluent entering the pond are reduced to , 3 100 ml 21 at the outlet (unpublished data, ESR, Christchurch).
Our findings in natural sunlight support the results of laboratory studies which have shown that C. jejuni is highly susceptible to short wavelength (UV-B and UV-C) radiation (Butler et al. 1987; Obiri-Danso et al. 2001) . They are also consistent with the field observations of Obiri-Danso et al. Furthermore, because C. jejuni is oxygen-sensitive, the marked difference in inactivation rates between the sunlight-exposed and dark control chambers in this study suggests that this sensitivity is greatly increased in the presence of sunlight, and that its rapid inactivation in natural waters is largely due to high susceptibility to photooxidative damage.
An alternative hypothesis has been advanced to explain sunlight inactivation of enteric bacteria, such as E. coli, S. enterica, and C. jejuni. Gauthier (2000) Using the C. jejuni results in Table 2 and Figure 1 as an example, the explanation proposed by Gauthier (2000) would mean that 1 -3 h of sunlight exposure caused the entry of most or all of the cells into a VBNC state, whereas Finally, the rapid inactivation of C. jejuni in sunlightexposed surface waters compared with E. coli suggests that the latter species will act as a highly conservative C. jejuni and that, in the absence of spores or any physiologicallybased protective mechanism, the main survival strategy appears to be the production and excretion of huge numbers of cells in order to ensure that a few will survive long enough to infect another host.
SUMMARY AND CONCLUSIONS
C. jejuni was inactivated in sunlight-exposed river and seawater far more rapidly than E. coli or S. enterica, probably as a result of high sensitivity to photooxidative damage. Overall, sunlight inactivation of S. enterica was slightly more rapid than for E. coli, and inactivation of all three bacteria was much faster in sunlight than in the dark.
The results suggest that, in sunlight-exposed surface waters, E. coli will be a more conservative indicator for C. jejuni than for S. enterica, and C. jejuni transmission as a pathogenic agent is less likely than for S. enterica. The results from this study, combined with those in Sinton et al. (1994 Sinton et al. ( , 1999 Sinton et al. ( , 2002 , suggests the following bacterial sunlight inactivation rate ranking (from the greatest to least inactivation): C. jejuni . S. enterica . sewage E. coli
. WSP enterococci . sewage enterococci . WSP E. coli.
However, the individual inactivation rates will vary according to the salinity of the receiving water. The possibility of photorepair of S. enterica in WSPs (and thus placement within this ranking) requires further study.
